Abstract Subjects with schizophrenia show deficits in visual perception that suggest changes predominantly in the magnocellular pathway and/or the dorsal visual stream important for visiospatial perception. We previously found a substantial 25% reduction in neuron number of the primary visual cortex (Brodmann's area 17, BA17) in postmortem tissue from subjects with schizophrenia. Also, many studies have found reduced volume and neuron number of the pulvinar-the large thalamic association nucleus involved in higher-order visual processing. Here, we investigate if the lateral geniculate nucleus (LGN), the visual relay nucleus of the thalamus, has structural changes in schizophrenia. We used stereological methods based on unbiased principles of sampling (Cavalieri's principle and the optical fractionator) to estimate the total volume and neuron number of the magno-and parovocellular parts of the left LGN in postmortem brains from nine subjects with schizophrenia, seven matched normal comparison subjects and 13 subjects with mood disorders. No significant schizophrenia-related structural differences in volume or neuron number of the left LGN or its major subregions were found, but we did observe a significantly increased total volume of the LGN, and of the parvocellular lamina and interlaminar regions, in the mood group. These findings do not support the hypothesis that subjects with schizophrenia have structural changes in the LGN. Therefore, our previous observation of a schizophrenia-related reduction of the primary visual cortex is probably not secondary to a reduction in the LGN.
Introduction
An increasing number of studies document that subjects with schizophrenia have subtle impairments in visual perception-see [14] for a recent review. Many studies have reported early perceptional changes selective to or predominantly in the magnocellular pathway/dorsal streamsee [15, 16, 23, 48, 53] and references therein, although the system specificity has been questioned [71] , and involvement of the parvocellular system has been seen [72] . The magnocellular pathway conveys visual information from the M cells of the retina via the magnocellular laminae of the lateral geniculate nucleus (LGN) of the thalamus to the primary visual cortex (Brodmann's area 17, BA17) and then predominantly via the dorsal stream into visual areas of parieto-occipital cortex. The parvocellular pathway conveys visual information from the P cells of the retina via the parvocellular laminae of the LGN to BA17 and subsequently predominantly via the ventral stream into visual areas of the temporo-occipital cortex [56, 57] . The magnocellular pathway/dorsal stream is selective for perception of motion and position (the 'where' stream), while the parvocellular pathway/ventral stream is selective for perception of color and shape (the 'what' stream) [58, 78] . For reviews see also [20, 79] . Thus, the observed impairments of the visual system in schizophrenia appear to predominantly involve visiospatial perception and only to a lesser degree object recognition.
In support of the physiological and behavioral findings described above, several functional imaging studies of subjects with schizophrenia have reported changes in primary visual cortex activity [5, 26] . In addition, diffusion tensor imaging MRI studies have reported reduced white matter integrity in the optic radiations bilaterally in subjects with schizophrenia [8, 13, 16 ]-see also [7] .
In a recent postmortem study of subjects with schizophrenia we found a marked reduction in neuron number (25%) and total volume (22%) of BA17 without any change in neuronal density or cortical thickness [30] . In contrast, two postmortem studies of the LGN did not find any schizophrenia-related changes in total volume of the nucleus [54] or in cell numbers [64] . Here, we further investigate the potential role of the LGN in the pathology of schizophrenia. We used methods based upon unbiased stereological principles to assess the total volumes and neuron numbers of the magnocellular and/or parvocellular regions of the LGN in subjects with schizophrenia, normal comparison subjects, and subjects with mood disorders. The latter group was included to test the diagnostic specificity of any findings in the schizophrenia group.
In light of the previous findings, we sought to test the following hypotheses: (1) the schizophrenia group has a smaller total volume and/or number of neurons of the LGN compared to both controls and the mood group. (2) Such changes in the schizophrenia group involve the magnocellular laminae of the LGN more than the parvocellular laminae.
Subjects and methods

Subjects
The current study is based upon a convenience sample of tissue sections from our previous study of the mediodorsal (MD) thalamic nucleus [29] which includes further details and discussion of the subject selection. Because a substantial proportion of subjects with schizophrenia also suffer from comorbid mood and/or alcohol and/or drug related disorders [32, 70] , excluding subjects with these comorbidities would have resulted in a non-representative sample. Consequently, in order to assess the diagnostic specificity of findings in such a representative but heterogeneous group of subjects, we included a second comparison group without schizophrenia but with a comparable load of comorbidities. Thus, we studied three diagnostic groups: subjects with schizophrenia, normal comparison subjects, and a heterogeneous group of subjects with mood disorders some of whom had alcohol and/ or substance-related disorders. It should be emphasized that the latter group was included to test the diagnostic specificity of any findings in the schizophrenia group and not intended as a separate study group of mood disorders.
Brain specimens from 38 subjects were obtained from autopsies conducted at the Allegheny County Medical Examiner's Office, with the consent of the next-of-kin and the approval of the Health Sciences Institutional Review Board of the University of Pittsburgh. Consensus DSM-IV diagnoses [3] for each subject were made using information obtained from medical records and/or structured interviews conducted with family members as previously described [29] .
Nine of the 38 subjects had to be excluded because the complete LGN was not preserved in the final histological slides (see tissue preparation). Thus, the final subject sample consisted of nine subjects with schizophrenia, seven normal comparison subjects and 13 subjects with mood disorders. The subject groups were similar in sex, age, and postmortem interval ( Table 1 ). The postmortem interval was defined as the time between the estimated time of death and the time when the brain was placed in ice-cold 4% paraformaldehyde. Note that three brains excluded in our previous study of the MD contained the complete LGN and were therefore included here. Two subjects (697 and 816) had a history of eye trauma and eye surgery, respectively, but both events were expected to be too subtle to induce changes in the structural parameters of the LGN assessed in this study. Gross and microscopic neuropathological screening revealed no abnormalities in any of the 29 subjects except as follows: three subjects (803, 843, and 871) experienced blunt force trauma to the head that resulted in intracranial hemorrhages and two subjects (602 and 699) died of a self-inflicted gunshot wound to the head. All of these injuries were acute and no damage to the thalamus was observable.
The normal comparison, schizophrenia, and mood disorder subject groups did not differ significantly (F 2,26 \ 1.4; P [ 0.26) in mean age or postmortem interval (Table 1 ). The proportions of female subjects were 29, 33, and 38%, respectively; the proportions of Caucasian subjects were 86, 67, and 100%, respectively. Three of the subjects with schizophrenia and eight of the mood disorder subjects also had a history of alcohol or other substancerelated disorders (Table 1) .
Tissue preparation
The histological slides used in this study were generated as previously described [29] . (Table 1) . For each subject, the thalamus-typically contained in 3-4 blocks-was removed with a rim of surrounding tissue, washed in 18% sucrose in PBS for 10-14 days to remove the antifreeze solution, and cut using a calibrated Microm HM500M cryostat (Microm, Germany). The blocks were cut exhaustively into coronal sections and a systematic uniformly random sample of one 80-lm-section per 640 lm was collected. Due to the unevenness of the block surfaces the first and last sections cut from each block were incomplete (i.e., did not cover the full block area). Because all sections, including the incomplete ones, were collected, and available for sampling, no bias was introduced. The sections were mounted on gelatin-coated glass slides, air-dried at room temperature overnight, and then stained for Nissl substance using thionin. The resulting final average section thickness was 23.5 lm (measured as a part of the stereological analysis described below), corresponding to 71% shrinkage in the z-axis of the sections. The notation ''80-lm-sections'' indicates that the sections were cut with a block advance BA = 80 lm as discussed by Dorph-Petersen et al. [27] . Sections were coded at the time of cryosectioning to keep the investigators blind to the diagnostic status of each subject. Two investigators (R.S., D.C.) who had not previously been exposed to the material performed all the stereological microscopy to further ensure full blindness in the current study.
Delineation of LGN
The distinctive architecture of the LGN [46] makes it easily identifiable in the ventrolateral portion of the caudal thalamus-even by the unaided eye. The rostral part of the LGN is located lateral to the medial geniculate nucleus and the caudal part is lateral to the inferior pulvinar nucleus, using the terminology of Hirai and Jones [44] . The LGN is almost surrounded by the fibers of the visual pathwayrostroventrally by the optic tract and dorsolaterally and caudally by the optic radiation. Ventrolaterally, the LGN is located just below the pial surface of the thalamus where it is visible as the characteristic knee-like protrusion leading to its name. Thus, the outermost cell dense laminae and their natural extensions clearly define the borders of the LGN (Fig. 1 ) and readily distinguish it from nearby structures. The human LGN shows the laminar pattern seen in most primates of two magnocellular laminae (1-2) with large neurons (Fig. 2a) and four parvocellular laminae (3-6) containing small to medium sized neurons (Fig. 2b ). As seen in Fig. 1 , lamina 3 and 5 form a continuum, and the same is true for lamina 4 and 6 (although the latter is not visible at the rostral-caudal level of Fig. 1 ). Intercalated between the neuron dense layers are the interlaminar regions sparsely populated by koniocellular neurons [41] . We frequently observed small islands of magnocellular neurons embedded in the parvocellular layers ( Fig. 1 ). These islands, previously described by Hickey and Guillery [42] , are easy to delineate and were regarded as part of the magnocellular compartment. In accordance with the literature on the human LGN [6, 42] , the overall pattern of lamination was highly variable across subjects in our material. However, the caudal part of the human LGN has a generally less complex structure and more constant laminar arrangement than the rostral part [42] . Examining the LGN starting with caudal sections first allowed us to easily examine and recognize each layer in subsequent sections despite the more complex laminar arrangements in the rostral LGN. In 18 of our subjects, the entire LGN was present in one thalamic block, whereas in the remaining 11 cases the LGN was contained in series of sections from two thalamic blocks. Thus, the LGN appeared in 9-16 of the Nissl stained coronal sections, including a few incomplete LGN sections at the transition between tissue blocs. All stained sections were used for the stereological analysis resulting in a section sampling fraction of 1/8, corresponding to one 80-lm section for every 640 lm.
Microscope setup
The histological sections from each subject were analyzed on an Olympus BX51 microscope equipped with a MT1201 microcator (0.2 lm resolution) and ND281B readout (Heidenhain, Germany), and a X-Y-Z motorized specimen stage (ProScan, Prior Scientific, UK). With a 29 photo eyepiece (PE29, Olympus), a three-chip CCD camcorder (KY-F55B, JVC, Japan) was mounted on the top of the microscope and forwarded a 760 9 570 pixels live image (50 frames/s) to a personal computer. The computer ran the CAST stereology software package (Version 2.00.07, Olympus, Denmark) and was fitted with a frame grabber (Flashpoint 3D, Integral Technologies, IN) and a 19-in. monitor (FlexScan T765 Color Display Monitor, EIZO Nanao, Japan) having a screen resolution of 1,280 9 1,024 pixels. The microscope was mounted on a vibration isolation table (Q500A, Qontrol Devices Inc., CA, USA) to facilitate imaging at high magnification. Using an Olympus calibration slide, the system was calibrated daily for magnification, paracentricity of objectives and exact alignment of stage and camera.
Estimation of reference volume using Cavalieri's principle
For each subject we estimated the volumes of the three main compartments of the left LGN-(1) the magnocellular laminae, (2) the parvocellular laminae, and (3) the interlaminar regions (Fig. 1b) . Using a 49 objective (Olympus, UPlanApo, NA 0.16) resulting in a final onscreen magnification of 1059, the CAST software package superimposed a uniformly random integral rectangular point grid over each field of view. The point grid had two types of points with every ninth point encircled (Fig. 3) . The CAST software allows-by manual stepping in x and y-the user to completely cover the region of interest with adjacent fields of view without the need of delineating the region in advance. A single investigator (R.S.) counted the number of points (P) in each section that hit the magnocellular laminae and the interlaminar regions, respectively, as well as the number of encircled points that hit the parvocellular laminae and the whole LGN, respectively. Points hitting the magnocellular islands embedded in the parvocellular laminae were included in the magnocellular point counts. Using Cavalieri's principle [39, 45] , the volume (V) of each compartment as well as the total LGN was estimated for each set of sections as the product of the intersection distance (T = 640 lm), the relevant area per LGN from each subject was subdivided into magnocellular laminae (black), parvocellular laminae (gray), and interlaminar regions (white). c For estimation of neuron numbers, the LGN from each subject was split into a magnocellular part (black) and a parvocellular part (gray) point (a = 0.0510 mm 2 , all points; or a = 0.459 mm 2 , encircled points), and the respective sum of the number of counted points:
Here and elsewhere, := indicates that the quantity at left is estimated by the formula at the right. An average of 389 (219-557) magnocellular-points, 292 (179-353) parvocellular-points, 561 (257-1,010) interlaminar-points, and 396 (243-531) total-LGN-points were counted per subject in the set of 9-16 (mean: 12.8) sections containing LGN.
Estimation of neuron number using the optical fractionator Independently, and subsequent to the above analysis of LGN volume, a second investigator (D.C.) reexamined the material to assess the number of neurons in the magnocellular and parvocellular parts of the LGN. For each section, the outline of the LGN was traced using a 49 objective (Olympus, UPlanApo, NA 0.16) at a final onscreen magnification of 1059. Each LGN was then divided into a magnocellular part and a parvocellular part by tracing between lamina 2 and 3, thereby splitting the interlaminar region, if present, into equal halves (Fig. 1c) . The magnocellular and parvocellular laminae were usually partially inside the counting frame without touching the exclusion line. As shown here, the two neurons in the middle were counted while the neurons just below and above the middle were excluded. b Six representative parvocellular neurons Fig. 3 The point grid used for volume estimation. A point is infinitesimal and is defined as the intersection of the upper edge and the right edge of the lines in the upper right corner of each cross. The two magnocellular laminae are seen at the lower left. The counts for this field of view are: total LGN: five encircled points; parvocellular laminae: three encircled points; magnocellular laminae: 12 points; interlaminar regions: 19 points. Using the stereological software, the user indicates which region a point hits while the computer keeps track of the tallies easily distinguished on the basis of their differences in cell size, with the magnocellular layer containing clearly larger cells. However, occasionally very small transitional regions were noted that contained cells with a gradual change in size. In these rare situations, the division was made in the middle such that cells mostly resembling magnocellular cells were included in the magnocellular part and vice versa. Finally, any magnocellular islands present were traced and included in the magnocellular part.
The sections were then examined using a 1009 oil immersion objective (Olympus, UPlanApo, NA 1.35) at a final onscreen magnification of 2,5809. One at a time, each of the two parts (magnocellular and parvocellular) were subsampled systematic uniformly random by 1,318 lm 2 unbiased counting frames [37] in a square grid with a steplength of 140-350 lm (magnocellular) or 350-770 lm (parvocellular). The step-length was kept constant for all sections within the magnocellular or parvocellular part in a subject but adjusted to keep the number of sampled magnoas well as parvocellular neurons around 200 of each kind for each subject. For each subject, the step-length was chosen based upon the Cavalieri volume estimate for the respective magnocellular and parvocellular aminae of that brain and the mean magno-and parvocellular neuronal density of the LGN in the brains already analyzed. For the first brain, the density estimates were based upon pilot counts. This approach reduced the variability of the raw cell counts relative to the variation in total volume and neuron number across subjects, without compromising the unbiased sampling scheme. Optical disector sampling in the z-axis was done with a disector height h = 8 lm and an upper guard zone of 4.4 lm. The remaining (variable) thickness below the disector produced a lower guard zone that averaged 11.1 lm. The nucleolus of each neuron was used as the sampling unit; i.e., a neuron was counted if its nucleolus was sampled by an unbiased counting frame (Fig. 2a) and came into focus below the top, and above or at level with the bottom plane, of the disector. No neurons with more than one nucleolus were observed. Neurons were distinguished from astrocytes and oligodendrocytes by virtue of their clearly visible Nissl substance and proximal dendritic processes (Fig. 2) . The 4.4 lm upper guard zone, which corresponds to *15 lm in the initial 80 lm thickness of the sections, was found optimal in a pilot calibration study of one LGN. In the calibration study, neuronal nucleoli were sampled systematic uniformly random for both the magno-and parvocellular parts of the LGN as described above, but without guard zones (i.e., in the full thickness of the section), and their z-positions recorded together with the respective local section thickness measured centrally in the counting frame. A uniform distribution of nucleoli was observed in the center of the section (Fig. 4, top row) . However, near the top and bottom of the sections, corresponding to 5-10 lm in the initial 80-lm sections, fewer nucleoli were observed, indicating the effect of lost caps [4] . As a quality control, the z-positions of all nucleoli sampled across all 29 brains in the study were plotted. The resulting top hat plot (Fig. 4 , middle of bottom row) corresponds to linear shrinkage in z-axis and verifies that we have a robust count despite the relatively low disector height of only 8 lm. The needed data for this kind of analysis are typically available when using a modern computerized stereology system, and we have routinely done this analysis in previous studies [29, 30, 50, 51] . The total numbers (N) of neurons in each of the two parts of the LGN were estimated using the fractionator method [38] as the product of the number of neuronal nucleoli counted in a known, uniformly random sample of the region of interest and the reciprocal sampling fraction. Using the optical fractionator [27, 81] this can be formulated as:
where ssf is the section sampling fraction, asf the area sampling fraction, t Q À the number-weighted mean section thickness, P Q À the total number of neurons sampled by the optical disector probes of height h, and t i the (final) local section thickness in the ith counting frame with a corresponding disector count of q À i : This version of the optical fractionator is robust to the pronounced and variable z-axis shrinkage observed in most cryostat or vibratome sections [27, 31] . We measured t i centrally in every counting frame, where neurons were sampled, by focusing from the top to bottom of the section. In the present study, 1/ssf = 8, 1/asf = 14.9-92.9 for the magnocellular part and 1/asf = 92.9-449.8 for the parvocellular part and t Q À /h & 2.72 for the magnocellular part and t Q À /h & 2.97 for the parvocellular part. The last value differed across subjects due to the variations in mean section thickness between subjects (magnocellular range: 16.5-26.5 lm, parvocellular range: 17.1-29.1 lm). The parvocellular mean section thickness (23.8 lm) was 9.5% greater than the magnocellular mean section thickness (21.7 lm).
An average of 651 (414-1,322) magnocellular counting frames and 422 (250-1,010) parvocellular counting frames were sampled per subject, and an average of 235 (133-499) magnocellular neurons and 252 (153-587) parvocellular neurons were counted per subject. The wide ranges in the number of frames and neurons sampled reflect that we aimed for a count of 400 neurons from each part of the LGN for the first four subjects. However, it was then clear that the counts could be halved without compromising the overall precision. Thus, for the last 25 subjects we obtained an average of 201 magnocellular and 210 parvocellular neurons.
Evaluation of the precision of the estimates
To assess the precision of the stereological estimates we determined the corresponding coefficients of error (CE) using the methods described by Gundersen et al. [39, 40] . We used the equations based on smoothness class m = 1 (in the terminology of Gundersen et al. [40] ) for all cases where the LGN was contained in one thalamic block, as the areas and cell counts for the various compartments changed very smoothly from section to section despite the very irregular pattern within sections. For the 11 cases where the LGN spanned two thalamic blocs we used the model based upon smoothness class m = 0, because of the blunt start or end of blocks due to the split. This approach is conservative as some of the split LGNs appeared smooth for each block due to the incomplete sections at the transition between the blocks. For the 11 cases in which the left LGN was split into two blocks, the volumes and neuron numbers were estimated for each block and summed to give the total estimates. In these cases, the respective CEs were estimated for each block and then combined to give the CE total of the combined estimates by:
where Est A and Est B are the relevant estimates from block A and B, and CE A and CE B are the respective CE estimates. Our sampling scheme led to mean CEs of 0.02 to 0.04 for the volume estimates and 0.06 to 0.08 for the estimates of total neuron number ( Table 2 ). These CEs are low compared to the observed variation across subjects, indicating that the scatter of our data predominantly reflects the real biological variability. Analysis of the subcomponents of the CEs indicated that the number of sections used per subject (9-16) was appropriate, and that sufficient numbers of points and neurons were counted.
The distinct outer boundaries of the LGN ensure precise delineation and estimation of the total volume and neuron number in contrast to other regions of the human brain where the recognition of subtle boundaries can impact the precision of stereological estimates [76] . However, as illustrated in Fig. 3 , the exact boundaries between individual laminae are distinct but difficult and time consuming to trace in their full extent for the complete LGN. Consequently, we divided the current study into two parts. In Part One, the speed and ease of evaluating which region a point hit permitted us to assess the volume of all three compartments in a very efficient way (one to two brains a day) without the need of any time consuming tracing that could compromise the accuracy and precision of the estimates. In Part Two, we used tracing to subdivide the LGN along the very clear boundary between the magno-and parvocellular parts, and estimated the neuron number within each part. Because of the distinct nature of the boundary between magno-and parvocellular regions, both regions were welldefined and the neuron number estimates were robust. Tracing all the individual laminae as a basis for volume and neuron number estimation would be very time consuming and would lead to less precise and potentially biased estimates as the reference space itself would be less well-defined.
Statistical methods
To compare the volumes and neuron numbers of the LGN and its constituent compartments among subjects with schizophrenia, subjects with mood disorders and control subjects, analysis of covariance (ANCOVA) models were used with diagnosis as the main effect and sex, age, PMI and storage time as covariates. A secondary ANCOVA analysis examined the effect of brain weight in addition to the previously noted covariates. No significant differences between the two models were found in term of the conclusions, with the only noticeable difference being the subtle change in significance level for diagnostic effect for parvocellular volume (P = 0.049 without brain weight, and P = 0.068 with brain weight). Post hoc testing of pairwise differences between diagnostic groups was also conducted. Due to the relatively small sample sizes, no adjustments for multiple comparisons were made to the P values for these pairwise comparisons. These analyses were implemented in SAS PROC GLM [55] .
Fisher's z transformation was used to test Pearson correlation coefficients between LGN volumes estimated by the two methods, as well as the correlations between neuron number and total volume for the LGN for all subjects and also by diagnostic group. Analyses were implemented in SAS PROC CORR.
All statistical tests were two-sided and conducted with an alpha level = 0.05.
Production details for micrographs
All micrographs for Figs. 1, 2 and 3 were obtained using a Zeiss AxioCam digital camera on a Zeiss Axiophot microscope. Figure 1 is an x-, y-axes montage obtained with a 2.59 (Zeiss, Plan Neofluar, NA .075) objective, Fig. 2a , b are z-axis montages obtained with a 1009 (Zeiss, Plan Neofluar, NA 1.30) objective, and Fig. 3 was obtained with a 59 (Zeiss, Plan Neofluar, NA 0.15) objective. The raw pictures of 3,900 9 3,090 pixels, 32-bit colors, were saved in tiff format using the camera software (AxioVision v. 3.1). Using Adobe PhotoShop, the multiple micrographs were cropped, adjusted for color balance, brightness, and contrast, and positioned into the montages (Figs. 1, 2 or 3) . 
Results
The results of the study are summarized in Figs. 5, 6, 7, 8 and 9 and Table 2 . As shown in Fig. 5 and Table 2 , the three diagnostic groups differed significantly in left LGN mean volume (F 2,22 = 4.16, P = 0.029). Calculated from the raw estimates, this difference was due to a 21.6% greater mean left LGN volume in the subjects with mood disorders (M) relative to the comparison subjects (C); the subjects with schizophrenia (S) showed a 6.8% greater volume. In contrast no significant differences were detected among the groups in total neuron number (S vs. C: +13.8%, M vs. C: +17.4%, F 2,22 = 0.82, P = 0.45). As shown in Fig. 6 , the volume differences were driven partly by the interlaminar regions, where a marked and significant increase in mean volume in the mood disorder group was evident (S vs. C: +7.7%, M vs. C: +40.7%, F 2,22 = 4.22, P = 0.028), and partly by the parvocellular aminae, that also showed a significant increase in mean volume (S vs. C: +8.6%, M vs. C: +18.3%, F 2,22 = 3.48, P = 0.049). In contrast, no significant differences in mean volume of the magnocellular laminae were present (S vs. C: +3.5%, M vs. C: +15.2%, F 2,22 = 1.30, P = 0.29). As indicated in Fig. 7 , no significant differences in mean neuron number were observed across the three diagnostic groups in either the magnocellular part (S vs. C: +11.4%, M vs. C: +12.6%, F 2,22 = 0.28, P = 0.76) or the parvocellular part (S vs. C: +14.2%, M vs. C: +18.1%, F 2,22 = 0.90, P = 0.42). As shown in Fig. 8 , we observed a strong correlation between total volume and total neuron number across all subjects (r = 0.64, P = 0.0002). Finally, as illustrated in Fig. 9 , the two investigators showed high agreement in their independent identifications of the LGN. Estimates of total LGN volume via Cavalieri's principle based upon point counting (as reported in Fig. 5 , left) strongly corresponded with those based upon the areas of the traces used for the cell counting (r = 0.97, P \ 0.0001). As expected, tracing shows a small positive bias of 4.9% compared to the point counts, the latter being methodologically unbiased (bias calculated as the difference between mean tracing based volume and mean point count based volume relative to the latter of these). However, as the added extra volume is very minor and involves the cell sparse white matter surrounding the LGN, this difference does not compromise the neuron number estimates. In all analysis, no significant effects were seen for any of the covariates (sex, age, PMI, tissue storage time). Correlation plots for the volume and total neuron number of the left LGN versus the left BA17 for the eight subjects included both here and in our previous BA17 study [30] are shown in Fig. 10 . A strong positive correlation (r = 0.982, P = 0.0005) between LGN and BA17 volume were observed for the schizophrenia group. Also, a positive correlation (r = 0.891, P = 0.017) was present between the neuron numbers of LGN and BA17. However, the latter correlation should be interpreted with care as it is driven by Groups not sharing the same letter are significantly different at P \ 0.05 a single subject in the lower left of the plot. As only two control subjects are shared between the two studies, it is not meaningful to perform correlations for that group.
Discussion
The present study did not reveal any significant differences in volume or neuron number of the compartments of the LGN in subjects with schizophrenia relative to the normal comparison subjects. Unexpectedly, we did observe that the subjects with mood disorders had a greater volume of the interlaminar regions (+41%) and the parvocellular laminae (+18%) relative to the normal comparison subjects.
Limitations of the current study Like many postmortem studies, the current study is limited by the relative small number of subjects. In addition, our schizophrenia group is diagnostically heterogeneous with three subjects diagnosed with schizoaffective disorder and three subjects with a history of alcohol or other substance disorder. Therefore, we included a second comparison group of subjects with mood disorders, many of whom had a history of alcohol or other substance disorder, to test the specificity of any finding in the schizophrenia group. Unfortunately, the resulting very heterogeneous nature of this third group of subjects prevents us from drawing robust conclusions from the unexpected findings of increased volume of the left LGN, the parvocellular lamina and especially the interlaminar regions in these subjects. It may be noted that the variability of the three subject groups are comparable for the main result variables as seen in Table 2 and Figs. 5, 6 and 7. The diagnostic heterogeneities within the schizophrenia group and the mood group do therefore not appear to inflate the variance of the assessed parameters.
In addition, all the subjects in the schizophrenia group and three of the subjects in the mood disorder group had received antipsychotic therapy. However, in our previous study of the MD [29] , we evaluated a cohort of nonhuman primates that had been exposed to antipsychotics and did not see any medication-related differences in the MD. Also, in a postmortem study of the MD, Pakkenberg observed similar volume reductions in two schizophrenia groups of subjects treated and untreated with antipsychotics, respectively [60] . It is therefore unlikely that antipsychotic medication had any impact on our findings.
Also, it should be pointed out that although we used methods based upon unbiased principles, all volume estimates using histological tissue samples will be biased due to the shrinkage during the processing. It is known that the initial fixation and cryoprotection introduces marked tissue shrinkage with variations from subject to subject and from brain region to brain region-see e.g., [28] . It is unknown whether such biases are constant across diagnosis groups; indeed, a recent study of the hippocampus reported a significant 18% greater shrinkage in the z-axis of sections from subjects with major depression relative to control subjects [73] . In the current study, we observed a similar degree of mean z-shrinkage across all three subject groups. However, although unlikely, we cannot rule out differential shrinkage of our tissue prior to sectioning. In contrast, our Comparison with previous studies
The main findings of our study, the absence of schizophrenia-related changes in the total volume and neuron number of the magnocelluar and parvocellular laminae of the LGN, are in agreement with the two previous postmortem studies of the LGN in schizophrenia [54, 64] . Surprisingly, the latter study, which is based upon stereological methods comparable to our study, reports a 75% higher estimated number of total LGN neurons (132% higher magno-and 67% higher parvocellular numbers) than our findings. In Table 3 we list previous estimates of neuron number in the human LGN; our mean total neuron number agrees more closely with the numbers reported by older studies than do the numbers reported by Selemon and Begović. However, as only the study by Selemon and Begović and our own study use methods based upon unbiased stereological principles, the comparison to the other studies cited in Table 3 should be interpreted with great care. The reasons for the discrepancy in total neuron number between our study and the study by Selemon and Begović are unclear: (1) it is unlikely that differences in the subject samples are the reason as close inspection does not reveal any obvious differences in subject demographics between the two studies that are likely to explain the observed difference in neuron number. (2) Differences in delineation of the LGN are unlikely because of the distinct borders of the nucleus, and because the volume estimates are reasonably similar for the two studies when taking differences in processing into account. (3) It should be noted that Selemon and Begović report only cell counts from the magno-and parvocellular laminae while we included neurons from the cell sparse interlaminar regions. This would increase our estimates compared to those of Selemon and Begović's, and thus cannot explain the difference in findings. (4) It is also unlikely that investigator differences in the classification of cells as neurons or glia Fig. 9 Total volumes of the left LGN estimated by Cavalieri's principle from point counts (by RS) or tracing (by DC) for each subject from the comparison (filled circles), schizophrenia (thin circles), and mood disorders (bold circles) groups. Line is the identity line Fig. 10 Correlation plots for volume and total neuron number of the left LGN versus the left BA17 for the eight subjects included in both this study and our previous study of BA17 [30] . Filled circles indicate comparison subjects and open circles indicate subjects with schizophrenia. Lines are correlation lines for the schizophrenia group (r = 0.982, P = 0.0005, and r = 0.891, P = 0.017, left and right plot, respectively). The broken correlation line at right indicates that the correlation should be interpreted with care as it is predominantly due to the single subject in the lower left of the plot are the reason: When the current material was examined in our previous study of the MD, we were able to consistently identify a class of small thalamic neurons, leading to higher neuron numbers than estimated in other studies [29] . Recently, several stereological studies have reported neuron numbers for the MD comparable to ours [1, 59 , and Pakkenberg, personal communication]. The Stanley Foundation material [77] used by Selemon and Begović has also previously been used in a study of the MD [82] , which like our previous study did not find a schizophrenia-related difference in MD neuron number. However, Young et al. estimated markedly fewer neurons in the MD than we did. It is therefore unlikely that differences in ability to recognize neurons in the current study would lead us to count markedly fewer neurons than Selemon and Begović.
In the end, handling of the section thickness seems to be the only clear difference between the two studies. Thus, in the current study we used methods robust to the marked shrinkage in the z-axis seen in cryostat sections [27] . Especially, we measured the section thickness in every counting frame where neurons were sampled. This strategy is particular important as we observed a systematic difference in section thickness between the magnocellular and parvocellular parts of the LGN (P vs. M: +9.5%, paired t test: t 28 = 11.3, P \ 0.0001). In contrast, it is not clear from the paper of Selemon and Begović how they assessed section thickness. Due to the unusual processing of their tissue (paraffin embedding with subsequent deparaffination, cryoprotection and cryostat sectioning), they had a very marked z-collapse and were only able to use an optical disector of very limited height (6 lm). It is therefore unclear if, their determination of the section thickness sampling fraction may have been compromised. Also, incidences of nonlinear z-collapse biasing the use of the optical disector or fractionator have been reported [11, 34] . We have not observed this effect in either the current study or in any of our previous studies, but have always checked for it as part of our calibration study for determination of guard zone size (Fig. 4) . Selemon and Begović did not report performing such a calibration study.
Relation to our previous findings of a reduced BA17 in schizophrenia
The ingrowth of afferents from the thalamus during prenatal development has been shown to determine the area and volume of cytoarchitectonic regions in the cerebral cortex [67, 75, 80] . In particular, it has been demonstrated in monkeys that developmentally reducing the volume of the LGN by intrauterine enucleation [25, 62] or thalamic irradiation [2, 63, 65] leads to a smaller volume of BA17.
Unfortunately, only two comparison and six schizophrenia subjects from the current study were also included in our previous study of the primary visual cortex [30] . Thus, the archival material used in the current study precludes performing a rigorous regression analysis of findings in LGN and BA17. Consequently, we cannot directly test the hypothesis that the previously observed reduction in BA17 volume and total neuron number in schizophrenia reflects a smaller set of inputs from the LGN, although the results of the present and the two previous studies [54, 64] do not support this interpretation. Interestingly, we observed a strong and significant correlation between the LGN and BA17 volume estimates for the six subjects in the schizophrenia group. This observation agrees with previous findings in normal subjects [6] -see also [22] . With corresponding LGN and BA17 data from only two comparison subjects we are not able to determine if the LGN-BA17 regression line of the subjects with schizophrenia is shifted, has a different slope or both compared to the relation in comparison subjects.
All in all, the current study as well as the two previous studies of the LGN [54, 64] do not provide evidence for the LGN as a primary disturbance driving our previous BA17 findings. Consequently, to the extent that the latter observations are common in schizophrenia, they are likely to reflect another process. Interestingly, it has been demonstrated that intracortical gradients of various growth factors and receptors such as FGF8 and EphA also are important for determining the area and volume of cytoarchitectonic regions in the cerebral cortex [33, 61, 66, 68] . It is therefore possible that changes in such intracortical developmental factors account for the previously observed reduction of BA17 in schizophrenia.
Furthermore, we did not see specific changes in the magnocellular or parvocellular laminae of the LGN. Therefore, our data do not provide additional insight into the magnocellular pathway/dorsal stream specific impairment of the visual system in subjects with schizophrenia described in the literature [15, 16, 23, 48, 53] . Interestingly, while LGN ''upstream'' to BA17 does not show structural changes in schizophrenia, at least one structure ''downstream'' of BA17 shows robust changes: The pulvinar is an association nucleus of the thalamus involved in higher-order visual processing, and receives direct input from BA17 [36, 69] . A substantial number of postmortem studies have reported smaller pulvinar volume and neuron number in schizophrenia [12, 18, 19, 24, 43, 54] -although the pulvinar volume reductions of the first two studies [12, 54] did not reach significance. Also, smaller pulvinar volume in schizophrenia has been reported by several imaging studies [17, 35, 47] . Thus, robust structural changes in the visual system in schizophrenia may be downstream to the LGN.
Conclusion
The findings of the current study do not support the hypothesis that subjects with schizophrenia have structural changes in the LGN. Therefore, our previous observation of a schizophrenia-related reduction of the primary visual cortex is probably not caused by a reduction in LGN. However, further studies are warranted to elucidate precisely the correlational relations between size of LGN versus BA17 in subjects with and without schizophrenia. Also, our unexpected finding of an increased volume of the LGN in subjects with mood disorders requires replication due to the heterogeneous nature of the group and the serendipitous character of the finding.
